The salt bridge formation and stability in the terminated lysine-glutamate dipeptide is investigated in water clusters of increasing size up to the limit of bulk water. Proton transfer dynamics between the acidic and basic side chains is described by DFT-based Born-Oppenheimer molecular dynamics simulations. While the desolvated peptide prefers to be in its neutral state, already the addition of a single water molecule can trigger proton transfer from the glutamate side chain to the lysine side chain, leading to a zwitterionic salt bridge state. Upon adding more water molecules we find that stabilization of the zwitterionic state critically depends on the number of hydrogen bonds between side chain termini, the water molecules, and the peptidic backbone. Employing classical molecular dynamics simulations for larger clusters, we observed that the salt bridge is weakened upon additional hydration. Consequently, long-lived solvent shared ion pairs are observed for about 30 water molecules while solvent separated ion pairs are found when at least 40 or more water molecules hydrate the dipeptide. These results have implications for the formation and stability of salt bridges at partially dehydrated surfaces of aqueous proteins.
I. INTRODUCTION
In proteins, salt bridges are the most prominent noncovalent interactions occurring between titratable amino acid side chains, typically an acidic group and a basic group in water. 1 Prototypical examples of the former ones are the carboxylate group of Glu and Asp, while the latter ones are represented by the ammonium group of Lys, and the guanidinium group of Arg. Whereas the oppositely charged groups attract each other, there is also a tendency for water to solvate these charges separately, thereby shielding them to a certain extent. Situations ranging from a contact ion pair (salt bridge) over a solvent shared ion pair (with a shared bridging water molecule) to a solvent separated ion pair (where more than one solvent molecule form a bridge between the charge centers) to completely separately solvated ionic groups can occur. This indicates that the stability of the salt bridge is just a few k B T at best. There is, therefore, discussion about the relative importance of salt bridges in stabilizing protein structure based on experimental results, [2] [3] [4] [5] database studies, 2, 6 as well as theoretical modeling. [7] [8] [9] It has been shown that particularly strong salt bridges are formed for (partially) buried residues. 10 Although the acidic and basic side chain groups most often appear at the outer protein surface, the amount of charged residues found buried deeper inside the protein is non-negligible. 2, 6, [10] [11] [12] [13] a) Author to whom correspondence should be addressed. eva.pluharova@ uochb.cas.cz. b) ondrej.marsalek@uochb.cas.cz. c) burkhard.schmidt@fu-berlin.de. d) pavel.jungwirth@uochb.cas.cz.
In the former case, the two groups are exposed to water, and the Coulomb interaction between them is dramatically weakened by interactions with solvent molecules. In the latter case of (partially) embedded side chains the salt bridge can become stronger due to the lowering of the effective dielectric constant, however, the possibility of a neutralizing proton transfer between the chains needs to be taken into consideration, too. It is, therefore, of considerable interest to explore how interactions between acidic and basic side chains change as one adds solvent molecules, moving from the situation pertinent to desolvated side chains to the aqueous bulk phase.
Building up the solvent environment in a stepwise fashion allows to address the question of how many solvent molecules are needed to observe the proton transfer between titratable side chains (proceeding either directly or through protons hopping between neighboring water molecules) moving thus from two neutral side chains to a pair of a oppositely charged ionic groups forming a salt bridge. A subsequent question is how the strength of the salt bridge changes upon gradual addition of water molecules. Hence, in our present work we focus on two hydration regimes. In the first one, we study systems with a small number of water molecules focusing on the interplay between neutral and ionized forms of the titratable side chains. The related phenomenon of the emergence of the zwitterionic state has been extensively studied in the case of single amino acids, where the -NH 2 and -COOH groups are involved, analogously to the situation of a Lys-Gly or Lys-Asp side chains. [14] [15] [16] [17] [18] [19] The second regime investigated in the present work deals with higher degrees of hydration. Once the salt bridge is formed in the microhydrated environment, upon further addition of water molecules the protonation state of the side chains remains the same, but the salt bridge becomes progressively weakened and, gradually, solvent shared and solvent separated structures are expected to become populated.
As a model system for studying salt bridge formation and subsequent weakening upon sequential hydration, we chose the terminated lysine-glutamate (Ac-Lys-Glu-NHMe) dipeptide. The choice of Glu rather than Asp as an acidic residue is motivated by the fact that its longer chain is more flexible. The choice of Lys rather than Arg as a basic residue has been made since the former has only one geometric way to form a salt bridge. Note that the capped (neutral) termini are chosen to reduce the complexity of potential proton transfer patterns, thus allowing us to focus solely on the salt bridge formation upon microhydration. Methodologically, the current work combines ab initio density functional theory (DFT) molecular dynamics for the description of the proton transfer during formation of the salt bridge with classical molecular dynamics focusing on the process of weakening of the salt bridge upon increasing hydration. This approach allows us to characterize and quantify the stability of the salt bridge as a function of the degree of its hydration with consequences for salt bridge stabilities in proteins.
II. METHODS

A. Born-Oppenheimer molecular dynamics
The focus of the first part of the present paper is on the proton transfer between Lys and Glu which cannot be studied using empirical force fields assuming a fixed protonation state of all amino acid side chains. Hence, we opt for ab initio Born-Oppenheimer molecular dynamics (BOMD) simulations, where the underlying forces are obtained from electronic structure calculations performed every time step. Using the open source computer program CP2K with its hybrid Gaussian and plane-wave approach, 20 the electrons are treated at the DFT level of theory using the Becke-Lee-Young-Parr (BLYP) functional 21, 22 to which dispersion interactions are added using the Grimme correction scheme. 23 An atom-centered triple-ζ Gaussian basis set augmented with two polarization functions (TZV2P MOLOPT) 24 is used and the Goedecker-Teter-Hutter normconserving pseudopotentials 25 are employed to replace the core electrons of the heavier atoms (C, O, and N). A cutoff of 280 Ry is used for the auxiliary plane waves basis set. Depending on the number of water molecules, the length of the edge of the cubic unit cell varies between 1.8 and 2.2 nm, with the Poisson equation being solved with a wavelet solver 26 with open boundary conditions which are adequate for the isolated microhydration systems investigated here. In order to check the accuracy of the employed DFT method, we compared selected energy profiles to results obtained by BLYP, B3LYP, and MP2 methods and all-electron basis sets (6-31+g * , 6-31++g * , and aug-cc-pVDZ) as implemented in the GAUSSIAN software package, 27 see Figs. S1 and S2. 28 In modeling the dynamics of the intra-molecular proton transfer with the above-mentioned simulation technique, we run BOMD trajectories integrating the equations of motion with a time step of 0.5 fs. A constant temperature of 300 K was maintained using the canonical sampling through velocity rescaling (CSVR) thermostat 29 with a time constant of 50 fs. We focused mainly on smaller clusters containing up to 5 water molecules where we ran 58 trajectories of up to 20 ps length. However, in a few cases we also simulated clusters with up to 64 water molecules solvating the dipeptide.
B. Classical molecular dynamics
For clusters containing more than 100 water molecules, which are incidentally not yet enough to completely solvate the dipeptide investigated here, BOMD simulations are becoming computationally prohibitively expensive. Therefore, for larger systems we switch to classical molecular dynamics simulations with empirical force fields. This can be justified for situations where the zwitterionic protonation state of the amino acid side chains does not change anymore to the neutral state, which is the case for all of BOMD simulations with more than 10 water molecules as we shall demonstrate below. To simulate clusters with up to 1000 water molecules as well as the dipeptide in bulk water, we used the OPLS-AA force field 30, 31 as implemented in the GROMACS software, 32 together with the TIP4P water model. 33 The geometry of water molecules was kept rigid using the SETTLE algorithm, 34 while all other bonds containing hydrogen were constrained to standard bond lengths by the LINCS algorithm. 35 The equations of motion were integrated using the leap-frog algorithm with a time step of 1 fs. Simulations were performed at the constant temperature of 300 K employing the CSVR thermostat 29 with the time constant of 0.5 ps. In cluster simulations all the electrostatic and van der Waals pair interactions were summed up. In bulk simulations of a 3 nm cubic unit cell containing 859 water molecules with periodic boundary conditions an atmospheric pressure of 1 bar was maintained by the Berendsen barostat 36 with the coupling constant of 0.5 ps. To treat long-range electrostatic interactions the particle mesh Ewald method 37 was used. Both short-range electrostatic and van der Waals interactions were truncated at 1.2 nm.
A common problem in simulations of clusters at ambient temperature with open boundary conditions is that water molecules evaporate from the cluster surface which typically occurs on a 100 ps time scale at room temperature. While this does not affect our BOMD simulations where the trajectories are much shorter, care has to be taken to avoid evaporation in our longer classical MD simulations. We attach each of the water molecules to an immobile dummy atom with zero mass and no interaction parameters by a restraining potential which is zero below a distance r W and which is harmonic with a force constant k W for longer distances. In addition, also the midpoint between the charged side chain termini is restrained through a harmonic potential to the central dummy atom to ensure more symmetric solvation of the side chains.
The choice of the restraint constants is closely connected to the choice of the initial conditions for cluster simulations with n water molecules: From an equilibrated bulk simulation we pick one of the instances with a closed salt bridge (contact ion pair). Then the radius of the sphere that circumscribes the n molecules closest to the midpoint of the ion pair augmented by 0.1 nm is used to define the restraint radius r W . The corresponding force constant k W is set to 10 4 kJ mol
while the restraining force constant for the midpoint of the side chain ion pair is chosen to be 10 3 kJ mol −1 nm −2 . The results do not change significantly if the restraint radius r W and force constant k W are varied in reasonable margins. For more details see Fig. S3 . 28 In addition to direct MD simulations, free energy profiles for salt bridge opening (i.e., increasing the C···N distance r CN ) are obtained by umbrella sampling. Sampling windows equally spaced by 50 pm with harmonic umbrella potentials with a force constant of 10 3 kJ mol −1 nm −2 were used. At r CN = 0.45 nm, where the barrier is located, simulation with umbrella potential with force constant of 2 × 10 3 -4 × 10 3 kJ mol −1 nm −2 , depending on the cluster size, ensures denser sampling (overlap of histograms). The weighted histogram analysis method 38 as implemented in GROMACS   39 is employed to extract a free energy profile from these histograms. Finally, free energy profiles are corrected by a volume entropy factor k B T ln(4π (r CN /r 0 ) 2 ) and shifted so that the minimum value equals zero.
III. RESULTS AND DISCUSSION
A. Dynamics of proton transfer between side chains
In this section we investigate the interplay between the neutral and zwitterionic states of the Ac-Lys-Glu-NHMe dipeptide focusing mainly on small clusters with up to n = 5 water molecules. We employ the BOMD simulation technique introduced in Sec. II A, which allows us to study dynamics of proton transfer as a function of the number of water molecules involved. Figure 1 shows the capped model dipeptide with the atom labeling that is used throughout this text. A hydrogen bond can be formed in the salt bridge between NH 2 in Lys and one of the carboxylic oxygen atoms O1 or O2 in Glu. In addition, the three backbone carbonyl oxygen atoms (Obac1-3) are potential hydrogen bond acceptors, while three backbone amide hydrogen atoms (Hbac1-3) are potential donors. This results in a large number of local minima on the potential FIG. 1. Atom labeling of the Ac-Lys-Glu-NHMe model peptide, restricted just to groups that can form hydrogen bonds. energy surface even for the systems with a small number (or even no) water molecules.
As a first step we selected several minimum energy conformations where the side chain termini are in contact with each other and performed unrelaxed scans of the potential energy surface, i.e., moving the proton along a straight line between amino N in Lys and one carboxylic O in Glu with all other atoms fixed. Our DFT calculations in the CP2K setup slightly overestimate the stability of the neutral form in comparison with higher level methods with all-electron basis sets, but the energetic order of the different protonation states as well as the shapes of the energy profiles remain unchanged (for more details on benchmarking see Fig. S2 28 ). While these scans serve as a preliminary survey of the proton transfer energetics, a more complete picture including water rearrangements and conformational dynamics of the peptide is provided by sampling the conformational space with BOMD trajectories. For this purpose, initial conditions are obtained by minimization of BLYP or OPLS-AA energies or are taken from snapshots of classical molecular dynamic simulations. The bare dipeptide, when starting from its neutral state, remains in that state over the duration of our simulations. If, however, a zwitterionic state is initially prepared, the proton hops back on a sub-picosecond time scale, once the charged side chains get close enough to each other. Note that the preparation of this zwitterionic initial condition requires the amino group to form a hydrogen bond with the backbone (Obac2). In addition, formation of 7-membered rings with hydrogen bonds between backbone atoms Hbac3 and Obac2 or between Obac1 and Hbac2, or a 10-membered ring with a hydrogen bond between Hbac3 and Obac1 is often observed.
The effect of attaching water molecules to the dipeptide is discussed with emphasis on structural motifs as shown in Fig. 2 . A contact neutral state ( Fig. 2(a) ) with a transferable proton at O1 represents a typical arrangement for clusters with one or two water molecules, where one water molecule usually forms a bridge between O2 (the oxygen atom closer to the backbone) and NH 2 or Hbac1, 2. The second water molecule can be bound either to the backbone or to the first one. These initial conditions not only remain stable for the time span of our simulation, but also, when starting a BOMD trajectory from a contact zwitterion with the proton located between the amino group and the O1 atom, the proton is directly transferred to O1 (neutral state). This proton hop is related to the weakening of additional hydrogen bonds involving the water molecule and/or the backbone. For a larger number of water molecules (n ≥ 3) such neutral arrangements are stable only if the water molecules are mainly involved in hydrogen bonds within themselves rather than with the side chain termini, but this is rarely observed. Neutral structures with a transferable proton at O2 are also possible in case of one and two water molecules attached. In this arrangement, it is easier to form hydrogen bonds between side chain termini and the backbone and water molecules at the same time. However, this favors the zwitterionic state and that is probably why we did not observe such neutral structure for a larger number of water molecules.
Finally, a solvent shared neutral state of the dipeptide is also found, see Fig. 2(b) . This state is stable on the time J. Chem. Phys. scale of our simulations (20 ps) in case of one or two water molecules, since they can form water bridges between these polar groups, and being neutral, they do not directly attract each other too strongly. In case of three water molecules, formation of a solvent shared zwitterion (Fig. 2(e) ) from a solvent shared neutral initial condition (Fig. 2(b) ) is also observed, in which case the proton is transferred through a water bridge.
Already the addition of a single water molecule can stabilize a zwitterionic state for several tens of ps if additional stabilization from the backbone is provided, see Fig. 2(c) , (for more details see also Figs. S1(c) and S1(d) 28 ). If the transferable proton originates from the oxygen that is closer to the backbone (O2), frequent transitions between neutral and zwitterionic form are observed, with the additional condition that the water molecule is placed between the other amino hydrogen and the O1 atom. Under these circumstances, the salt bridge can be stabilized by up to three hydrogen bonds, two from the water molecule and one from the backbone, which appears sufficient to stabilize the charged groups. In one case, in addition to the previously described stabilization, there we observed a hydrogen bond formed between amino hydrogen and Obac2 which leads to up to 4 stabilizing hydrogen bonds and no proton transfer leading back to the neutral state occurs.
With two water molecules, when the contact zwitterion is initially prepared with the proton between the amino group and the O2 atom, we observe two arrangements with sufficient number of hydrogen bonds to stabilize the zwitterionic state of the side chains with one or two water molecules between the amino group and the O1 atom (Figs. 2(c) and 2(d) ). In the former case, the other water molecule is bound to O2, in the later case, O2 is stabilized by hydrogen bond from backbone. With three water molecules, there are more possibilities for the salt bridge to stay zwitterionic on the time scale of our simulations and for four water molecules, the dipeptide is mainly found in this symmetrically solvated zwitterionic state.
In principle, a cluster of the peptide with two water molecules is the smallest system to accommodate a solvent shared zwitterionic state. However, such an initial condition is not stable and within few ps it develops in the following two ways: either the proton can be transferred through a water bridge to Glu or the charges come closer to each other to form a contact ion pair with the proton between N and O1 and then the proton is transferred to Glu. In case of three water molecules, the conversion from a solvent shared zwitterionic initial state (Figs. 2(e) and 2(f)) to a contact ion pair (salt bridge) is also possible, if the resulting structure provides a sufficient number of hydrogen bonds. If, however, during this conversion from a solvent shared state to a contact ion pair a water molecule leaves its binding site, the system proceeds toward formation of a tight neutral state.
In several simulations with four water molecules attached, the formation of a solvent shared ion pair from an initial contact ion pair is observed, but after less than 1 ps this is converted back to a contact pair. For clusters with five water molecules there are no new qualitative features in comparison with the situation with four waters.
Building on the above case studies, general features of the proton transfer reaction mechanism between Glu and Lys side chains can be discussed, focusing on the question under which circumstances a proton can be transferred. We introduce an asymmetry variable δ = r XH − r YH for the motion of a proton between two heavier atoms labeled as X and Y. 40 A general feature observed in most of our reactive BOMD trajectories is illustrated in Fig. 3 for the example of a selected Ac-Lys-Glu-NHMe(H 2 O) 2 trajectory: For a direct pro- ton transfer to occur between N(=X) and O(=Y) the NO distance must be smaller than 0.265 nm while for a transfer through a bridge of a single water molecule the corresponding NOw distance must be less than 0.255 nm and the OwO distance even below 0.245 nm. The figure also shows that the direct proton transfer occurs much more frequently than the indirect one through the water bridge, which has been observed only once within the duration of our trajectory.
In addition to the appropriate configuration of the X and Y heavy atom sites, we already mentioned above the crucial role of additional hydrogen bonds in promoting the proton transfer reactions. By additional hydrogen bonds we mean those in which side chain termini are directly involved, but not the hydrogen bond between amino group and carboxylic group in contact arrangement or those involving a water molecule which serves as a bridge in the solvent shared arrangement. Instead of using discrete cut-off criteria for the donor-acceptor distance (r) and angle (α), we use for the analysis a smeared non-integer number of hydrogen bonds N HB in order to smooth out discrete jumps in hydrogen bonding numbers,
where r 0 = 0.35 nm, σ r = 25 pm, α 0 = 30 • , and σ α = 5 • . A typical BOMD result for a proton transfer trajectory (with one water molecule in this case) is displayed in Fig. 4 . The asymmetry variable indicates whether the system is neutral (δ > 0) or zwitterionic (δ < 0) and it shows strong correlation with the smoothed number of additional hydrogen bonds. For less than two hydrogen bonds, the peptide is almost always in its neutral state. If the number of hydrogen bonds is between two and three, there is a dynamical equilibrium between the neutral and the zwitterionic state. Finally, when the number of additional H-bonds exceeds three, the zwitterionic state is stabilized without the proton moving back to Glu. Given this correlation between the proton transfer reaction and the number of additional hydrogen bonds, it is of interest to study the time delay between changes of these two quantities. For most of the proton transfer reactions from the neutral to the zwitteri- onic state, it is observed that the number of H-bonds increases (exceeds two) ∼50 fs before the proton hop, indicating that it is triggered by the solvent and/or backbone dynamics. Vice versa, it is found that for conversions from zwitterionic to neutral state the number of hydrogen bonds decreases some ∼40 fs afterwards, because neutral side chain termini are less attractive for water molecules than charged ones. The specific numbers are of course somewhat definition dependent.
B. Dynamics of opening and closing the salt bridge
In the following, we extend our study of sequential hydration of the Ac-Lys-Glu-NHMe dipeptide toward much larger clusters, eventually approaching the bulk limit. Since the BOMD simulation has shown that only the zwitterionic state is populated if more than 10 water molecules are attached, the stability of that protonation state can be safely assumed in simulations of these larger systems. This allows us to disregard potential proton transfer and, therefore, to switch to classical molecular dynamics with an empirical (OPLS-TIP4P) force field for the remainder of this work. For clusters of increasing size (from 20 to 1000 water molecules) a series of MD simulations of 200 ns duration each were performed at 300 K, as described in Sec. II B.
To investigate the opening and closing of the salt bridge, we focus on the distribution of the COO − ···NH 3 + side chain termini distances (r CN ) obtained directly from these simulations as presented in Fig. 5 . For 20 water molecules, the r CN distance is practically all the time below 0.4 nm, which indicates the dominance of a salt bridge (contact ion pair) for this cluster size. For 30 water molecules, we start observing significant occurrence of r CN values around 0.55 nm, i.e., formation of a solvent shared ion pair. When 40 or more water molecules are attached to the model peptide, solvent separated ion pairs with two or more water layers between the charged species become populated.
The positions of the minima in the histograms in Fig. 5 are found near 0.43 nm and 0.67 nm regardless of the cluster sizes, defining operationally the boundaries between contact, solvent shared, and solvent separated ion pairs. Figure 6 shows how the distribution of these ion pairing motifs depends on the number of water molecules. While the fraction of contact ion pairs decreases monotonically with increasing cluster size, the fraction of solvent separated pairs increases and starts to dominate beyond 70 water molecules. At intermediate cluster sizes with 50 solvent molecules, the fraction of solvent shared ion pairs exhibits a maximum but it never becomes the dominant contribution.
Although the long direct MD simulations are appropriate for the above analysis of populations of contact, solvent shared or solvent separated ion pairs, the heights of the barriers separating them may be not calculated accurately enough by a simple Boltzmann inversion of the histograms of Fig. 5 (with the volume entropy correction applied). Hence, we used umbrella sampling, 38 as described in Sec. II B to obtain free energy profiles along the r CN coordinate describing the opening and closing of the salt bridge.
We first performed test calculations employing a NH 4 + ···HCOO − ion pair rather than the whole dipeptide, excluding thus effects of the backbone and the aliphatic parts of the side chains. The free energy difference between contact and solvent shared NH 4 + ···HCOO − ion pairs, as well as the barrier between them, decrease monotonically with the number of water molecules added, see Fig. 7 . The principal reason for this is the more complete hydration of the charges, which become increasingly dielectrically screened from each other. Convergence to the corresponding bulk values occurs around 100 water molecules for r CN ≤ 0.6 nm.
Analogous free energy profiles for the salt bridge of the dipeptide in water are shown in Fig. 8 . The barrier between contact and solvent shared ion pairs decreases with increas- ing cluster size up to 150 water molecules, but for larger clusters it starts to increase again. The free energy difference between the two minima corresponding to contact and solvent shared ion pair decreases with increasing cluster size up to 600 water molecules, then increases again for 1000 water molecules, still not being fully converged to the bulk value. From about 70 water molecules onward, a solvent separated minimum appears, which becomes deeper and shifts toward larger distances with increasing cluster size. From about 150 water molecules it becomes deeper than the solvent shared one and it also becomes broader with increasing number of water molecules attached. Note that due to the finite length of side chains, the r CN distance cannot exceed 1.3 nm.
The dependence of the dipeptide salt bridge free energy profile on cluster size is more complex than that for a free NH 4 + ···HCOO − ion pair. In addition to the trend resulting from hydration of charged groups, in the dipeptide there is also the preference of non-polar parts of the molecule to be close to the surface of the water droplet. For medium cluster sizes, CH 2 groups of the aliphatic parts of the side chains can be exposed with charged side chain termini sufficiently hy- I. Lifetimes (ps) from linear fitting of logarithm of probability of staying in particular state. The lifetime is calculated as τ = −1/k, where k is the slope of the line, the shortest times were omitted from the fit in order to reduce the influence of recrossings. For details see Fig. S4 . 28 Number of water molecules τ contact (ps) τ shared (ps) τ separated (ps) 20 272 12 . . .  30  171  17  7  40  132  14  13  50  124  13  25  60  117  12  49  70  106  12  57  100  111  12  95  150  132  10  185 drated, which facilitates salt bridge opening compared to the situation in the bulk (or in very large clusters). Finally, the relatively pronounced solvent shared minimum is likely also due to the effect of configurational entropy, since in this arrangement the side chains can adopt more conformations than either for the contact pair or the completely stretched chains. In order to estimate the lifetimes of contact, solvent shared, and solvent separated ion pairs in the dipeptide, we plotted in each case probability of staying in particular state as a function of time (for details see Fig. S4 28 ) and fitted its logarithm by a straight line, the resulting lifetimes being summarized in Table I . The lifetime of the contact ion pair decreases from 270 ps to 170 ps upon increasing the number of water molecules from 20 to 30, and from 40 water molecules it levels off around 120 ps. The lifetime of the solvent shared ion pair is roughly ten times shorter (i.e., around 12 ps) for all cluster sizes, which correlates with low barriers toward both contact and solvent separated pairs. The lifetime of the solvent separated ion pair increases from roughly 10 ps for 40 water molecules to 50 ps for cluster size of 60 and then further to 100 ps for clusters containing about 100 water molecules. For the cluster containing 150 water molecules, however the decay is not perfectly exponential, so that the estimate of lifetime of 180 ps is less reliable.
IV. CONCLUSIONS
We investigated the formation and stability of a lysineglutamate salt bridge upon sequential addition of water molecules. Proton transfer connecting neutral and zwitterionic states of the Ac-Lys-Glu-NHMe model peptide in small clusters with up to 5 water molecules was described employing DFT-based BOMD simulations. While the bare peptide prefers to be in its neutral state, proton transfer from Glu to Lys, leading to a zwitterionic salt bridge state as a contact ion pair, is found already when a single water molecule is added. Solvent shared ion pairs are found from four water molecules onwards, but with lifetimes limited to a picosecond at room temperature. In all the ab initio molecular dynamics studies it is found that the microsolvated zwitterion can only exist if the pair of ions-in addition to their mutual attraction-is stabilized by at least three further hydrogen bonds involving the hydrating water molecules and possibly the peptide backbone. The formation of a zwitterionic state from a neutral one is triggered by the increase of the number of extra hydrogen bonding interactions, whereas the reversed proton transfer triggers the reduction of the number of these hydrogen bonds.
Beyond a cluster size of 10 water molecules the model dipeptide is always found in its zwitterionic state. By virtue of classical MD simulations the onset of long-lived solvent shared ion pairs is observed for ∼30 water molecules (occasional opening of the salt bridge starts already for smaller systems, albeit somewhat larger in classical MD compared to BOMD) while solvent separated ion pairs (with two or more water layers between the charges) are found when 40 or more water molecules are attached to the model peptide. In case of the simple NH 4 + ···HCOO − ion pair, umbrella sampling calculations show that the free energy difference between contact and solvent shared ion pairs, as well as the barrier between them, decrease monotonically with the number of water molecules added. However, the dependence of the free energy profile for dipeptide salt bridge opening on the number of hydrating water molecules is more complex, due to the influence of configurational entropy and preference of less polar parts of the molecule for the surface of the cluster. The lifetime of the contact ion pair of the model dipeptide in a cluster containing more than 40 water molecules is estimated to be 120 ps, the solvent shared ion pair lives about ten times shorter and the lifetime of the solvent separated ion pair increases from about 10 ps for the cluster containing 40 water molecules to almost 200 ps for the cluster containing 150 water molecules.
Our detailed study, showing first the formation and then subsequent weakening of a salt bridge upon increasing the number of hydrating water molecules has implications for the stability of salt bridges in hydrated proteins. Indeed, it has been shown that strong salt bridges form when charged residues are partially buried from surfaces of proteins. 10 In conclusion, our work indicates that neither too little nor too much hydration is beneficial for a salt bridge, which tends to be most stable upon moderately dehydrated conditions, such as in concave pockets at protein surfaces.
